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a b s t r a c t
Photocatalytic activity (PCA) on semiconductors is known to be majorly influenced by specific surface
area and intrinsic lattice defects of the catalyst. In this report, we tested the efficiencies of 1D ZnO catalysts
of varying fiber diameter (80 nm and 650 nm of inner diameter) in two formats, viz. core–shell and hollow
nanofibers, where the former is calcined to yield the latter. These nanofibrous catalysts were produced by
combining electrospinning and atomic layer deposition processes which were then subjected to thorough
characterization including photoluminescence (PL) unveiling the details of intrinsic defects/densities.
During the thermal treatment, intrinsic defects are reorganized and as a result a new PL band is observed
apart from some significant changes in the intensities of other emissions. The densities of various intrinsic
defects from PL are compared for all samples and juxtaposed with the PCA. Careful scrutiny of the various
results suggested an anti-correlation between surface area and PCA; i.e., higher surface area does not
necessarily imply better PCA. Beyond a limit, the most deterministic factor would be the density of
surface defects rather than the specific surface area. The results of this study enable the researchers to
fabricate 1D semiconductor photocatalysts while striking the balance between surface area and density
of defects.
© 2015 Elsevier B.V. All rights reserved.
1. Introduction
Ever increasing environmental pollution forces the researchers
to fabricate efficient catalysts which can use sunlight to disintegrate
or oxidize the organic substances [1–14]. It is known that delaying
the recombination of photogenerated electron–hole pair increases
the efficiency of the catalysts [10,12,15–23]. On the other hand,
the efficiency of the catalyst is dependent on the crystal-phase
[1,3]. i.e., the formation of •OH radical [12–14] depends on the
crystalline facets those were exposed. Moreover, researchers have
attempted to increase the surface area to volume ratio. This not
only minimizes the usage of catalyst but also enhances the active
sites on the surface [10–13,18]. One should note that other sig-
nificant attempts of enhancing the photocatalytic activity (PCA) or
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delaying the recombination are lattice defects [12,16,18–23], het-
erojunctions [4,10,14–17,24–26] etc. It is also notable that PCA is a
very complex process and it is an integral effect of surface sites,
bulk of the lattice etc. [2]. Here we consider two factors which
are interlinked; viz. surface area and density of defects in con-
junction with thermal treatment [27]. To unveil the dependency
of surface area and density of defects on PCA, we have chosen ZnO
as a model semiconductor as it is vastly studied in the context of
PCA [10,16,18,28–34]. While reducing the dimensions of the cata-
lysts (increasing the specific surface area), an increase in the density
of surface states is inevitable due to the dangling orbitals [35], in
addition to intrinsic lattice defects [36]. ZnO is associated with
defects such as zinc interstitials (Zni++, Zni+, Zni*, extended-Znis
(ex-Znis)), oxygen vacancies (VO++, VO+ and VO) and zinc vacancies
(VZn ′ ′, VZn ′ and VZn) [37,38]. Note that our interest is not to con-
trol the defect density, rather to understand how it changes when
the specific surface area is increased via high temperature ther-
mal treatment. Please refer to our earlier investigation in which we
have elucidated the role of Znis and VOs by carefully controlling
their density [11]. In this article, we compare the relative densities
http://dx.doi.org/10.1016/j.apcatb.2015.04.036
0926-3373/© 2015 Elsevier B.V. All rights reserved.
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Fig. 1. Schematic diagram depicting the steps involved to produce core–shell and
hollow nanofibers.
of some of the above listed intrinsic defects with reference to the
calcination effect and PCA. The catalysts examined here were fab-
ricated via a renounced and industrially applicable combination
[10,11,18,28,29,39–41], viz. electrospinning [42–44] and atomic
layer deposition (ALD) [45–49].
Here we have produced nylon 6,6 nanofibers of two average
diameters (80 nm and 650 nm) by electrospinning and applied ZnO
nanocoating by ALD to produce polymer-ZnO core–shell nanofiber
structure. We have extracted some results (X-ray diffraction and
PCA) from core–shell structures [29] and compared it with the
hollow counterpart, where the latter were produced by calcining
the former. The calcination not only increases the surface area but
also manipulates the relative densities of defects. We have system-
atically characterized these catalysts to understand the effects of
calcination on the morphology, crystallinity, chemisorbed oxygen
(OCh) and photoluminescence (PL). Note that the relative changes
in the density of defects can be easily monitored through PL spec-
troscopy [10,11,18,36,50–52]. Interestingly, in the context of PL
we have observed defect reorganization and a new emission from
the ZnO hollow nanofibers. The results suggest that the excessive
increase in the surface area cannot equivalently enhance the PCA




Formic acid (FA, 98–100%) or 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP, ≥99%) were used as solvents for nylon 6,6. Diethylzinc (DEZn)
and HPLC grade water were used as the zinc precursor and oxidant,
respectively. Rhodamine-B (Rh-B, dye content ∼95%) was used as
a model organic dye. All chemicals were used as received from
Sigma–Aldrich while de-ionized (DI) water is obtained from Mil-
lipore Milli-Q system.
2.2. Electrospinning of nylon 6,6 nanofibers
Uniform and bead-free nylon 6,6 nanofibers with two different
average fiber diameters were produced by varying the solvent sys-
tem (FA or HFIP) based on our previous study [29]. Two solutions
were prepared, viz. 8 wt.% nylon 6,6 in FA or HFIP. The two solutions
were stirred for 3 h at room temperature to obtain a homogeneous
and clear solution. Each of these solutions was taken in a syringe
fitted with a metallic needle of ∼0.8 mm of inner diameter. Then the
syringe with solution was fixed horizontally on a syringe pump (KD
Scientific, KDS 101) with a feed rate of 1 mL/h. A 15 kV high volt-
age is applied (Matsusada, AU Series) between the metal needle
and a grounded electrode which was kept at a distance of ∼10 cm.
Grounded electrode was wrapped with an aluminium foil to collect
the fibers. The electrospinning process was carried out at ∼23 ◦C
and 36% relative humidity in an enclosed chamber.
2.3. Core–shell to hollow ZnO nanofibers
The electrospun polymeric nanofibers were introduced into the
ALD system (Savannah S100 ALD reactor, Cambridge Nanotech
Inc.) and ZnO was deposited via a process similar to our previous
study [29]. Briefly, the deposition was performed at ∼200 ◦C with
a growth per cycle of ∼1.13 Å using N2 as a carrier gas at a flow
rate of 20 sccm. 800 cycles were applied and each cycle consisted
of the following steps: DEZn pulse (0.015 s)/N2 purge (10 s)/H2O
pulse (0.015 s)/N2 purge (10 s). The resultant coating was ∼90 nm
thick forming a core–shell structure. After the deposition, the sam-
ples were calcined at 500 ◦C for 2 h under ambient atmosphere.
This process essentially removed the core polymer and hollow ZnO
nanofibers were formed. The average fiber diameter (AFD) of the
pure nylon 6,6 nanofibers obtained from 8 wt.% nylon 6,6 in FA or
HFIP were estimated to be 80 nm or 650 nm, respectively via ana-
lyzing scanning electron microscope (SEM) images [29]. For easy
discussion, core–shell and hollow ZnO nanofibrous samples are
referred as CS80 nm/CS650 nm and H80 nm/H650 nm, respectively.
The estimated fiber diameter is used to calculate the surface area
per unit length of the sample by assuming a cylindrical rod or tube
for core–shell or hollow cases, respectively. From this value, the
specific surface area can be calculated by simply dividing the area
by the weight of the catalyst. In the case of core–shell sample, the
thickness of the ZnO coating should be taken into account. Notably,
the change in the specific surface area after thermal treatment is
vital in the present context than the absolute value by itself.
2.4. Characterization
The morphologies of the samples were investigated using a
scanning electron microscope (SEM, FEI – Quanta 200 FEG). A
nominal 5 nm Au/Pd alloy was sputtered onto the samples prior
to the SEM imaging. Around 100 fibers were analyzed from the
SEM images to estimate the AFD. Transmission electron micro-
scope (TEM, FEI – Tecnai G2 F30) was also employed for the
detailed investigation of the hollow samples. For TEM imaging,
the samples were dispersed via mild sonication in ethanol and
the suspension was collected onto a holey carbon coated TEM
grid. Selected area electron diffraction (SAED) patterns were also
obtained. X-ray diffraction (XRD) patterns of the ZnO hollow
nanofibers were recorded (2 = 30–90◦) by employing PANalyti-
cal X’Pert Multipurpose X-ray diffractometer with Cu K radiation
( = 0.15418 nm). The ionic state of the surface elements were
determined via X-ray photoelectron spectroscopy (XPS, Thermo
Scientific, K-Alpha, monochromatic Al K X-ray source, 400 m
spot size, h = 1486.6 eV) in the presence of a flood gun charge
neutralizer. For the core-level spectra, pass energy and step size
were 30 eV and 0.1 eV, respectively. PL measurements were carried
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Fig. 2. SEM images of (a) CS80 nm, (b) H80 nm, (c) CS650 nm and (d) H650 nm. Sam-
ples (b) and (d) were intentionally damaged to see the tube-like structure.
Fig. 3. TEM images of hollow samples. (a), (b) H80 nm, (c), (d) H650 nm, (e) SAED
pattern from (a), and (f) atomic resolved image showing an interplanar spacing of
0.28 nm.
out using Horiba Scientific FL-1057 TCSPC at an excitation wave-
length of ∼360 nm. Peak deconvolutions of the XPS and PL spectra
were performed through Avantage and Origin Pro 8.5 softwares,
respectively.
2.5. Photocatalytic activity of ZnO hollow nanofibers
The hollow samples (∼5.7 mg each) were immersed individually
into quartz cuvettes containing Rh-B aqueous solution (10.4 M).
The cuvettes were exposed to UV light (365 nm, UVLMS-38 EL, 8 W)
at a distance of ∼10 cm from the source. The concentration of the
dye (intensity of the absorption peak at ∼553 nm) was monitored
using an UV–vis–NIR spectrophotometer (Varian Cary 5000) at reg-
ular time intervals (t). The catalyst stayed at the bottom of the
cuvette during the measurement and did not interfere with the data
acquisition. As a control experiment, Rh-B solution without any cat-
alyst was subjected to the same UV treatment in order to compare
with the catalyst case. The concentrations of Rh-B before and after
UV irradiation were defined as C0 and C, respectively. The rate of
dye degradation (C/C0) was quantified with first order exponential
fit (y = y0 + ˛ e−x/) for each sample with an automated routine in
Origin Pro8.5 where ˛-pre exponential factor, x- time axis, y- C/C0
at different ‘t’ and -decay constant. All the parameters are set as
free until convergence (unless otherwise stated).
3. Results and discussion
Fig. 1 shows a schematic diagram with various steps involved
in producing the core–shell as well as hollow nanofibers. Initially
nanofibers were produced with two average diameters which were
then subjected to ALD for ZnO coating. The core–shell structure was
subjected to calcination yielding hollow nanofibers.
SEM images were recorded on the core–shell and hollow
nanofibers and are shown in Fig. 2. We can see the smooth, uniform
texture and continuous coating of ZnO. The diameter distributions
of pure nylon 6,6 fibers of two different diameters are shown in
Fig. S1 of Supporting information. The transformation of surface
morphology is convincing by given the fact that the samples were
subjected to relatively high temperature thermal treatment. Dur-
ing the thermal treatment the polymer core is decomposed while
the inorganic coating (ZnO) is subjected to some changes in its
crystallinity. These changes are significant when compared to the
hollow samples produced by washing the core [53]. Changes in the
crystallinity have significant implications on the optical properties
as we will see later in this report. In the context of XRD analysis,
the consequence of grainy structure is more explicit for calcined
samples compared to as deposited samples. After the calcination
(Fig. 2b and d), the tube-like structure evolves from core–shell
nanofibers where the samples were slightly broken to observe the
hollowness.
TEM images from the hollow samples are shown in Fig. 3. From
Fig. 3a–d the tube-like structure is evidenced, apart from the uni-
form and conformal coating. The tube-like structure is consistent
with the SEM observations. Despite of the well developed grains
[28], the integral structure of the fiber remains intact for both the
cases. Even in the case of H80 nm sample the grains cover the whole
fiber, despite of the average grain size of ∼20 nm. Fig. 3e shows
SAED pattern from H80 nm sample. The pattern shows clear and
bright spots suggesting well developed single crystals oriented in
various directions. The identified reflections are annotated on the
image. In Fig. 3f we have shown atomic resolved image while its
insert represent the cross-section analysis. The measured interpla-
nar spacing is ∼0.28 nm which corresponds to the c-axis of ZnO.
Wurtzite structure of ZnO can be confirmed from the result of SAED
and interplanar spacing [11,18,36,54].
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Fig. 4. XRD patterns of core–shell and hollow samples. Reflections enumerated from
(1) through (11) are as follows: (100), (002), (101), (102), (110), (103), (200), (112),
(201), (004) and (202). XRD data of core–shell samples is taken from Ref. [29].
XRD patterns of core–shell and hollow samples are shown in
Fig. 4. Diffraction peaks appeared in the pattern are enumerated
from (1) through (11) and listed in the legend of Fig. 4. To under-
stand the effect of calcination on crystallinity, three peaks were
selected (1–3, Fig. S2 of Supporting information) and fitted with
Lorentizan shape (not shown here). The resultant full width at
half maximum (FWHM, ı◦) and the lattice parameters are tabu-
lated in Table 1. The angular location of these peaks did not show
any significant shift after calcination in the case of 80 nm sam-
ple, which suggests the absence of any stress/strain. However, for
H650 nm sample it is slightly shifted to higher 2 especially for
(1 0 0) and (0 0 2) reflections (Fig. S2 of Supporting information),
which suggests the existence of a slight residual tensile stress. Also
the lattice parameters maintained the c/a ratio of ∼1.6. Further-
more, in a broader sense for the three reflections the ı◦ of sample
H80 nm is seen to decrease by a factor of ∼1.5 from their core–shell
counterpart. While H650 nm sample also shown to decrease ı◦,
however, not as much as the H80 nm sample. This is understand-
able, because in the case of 80 nm nanofibers, the relatively lower
diameter hinders the growth may be in some specific lattice direc-
tion as monolayers are deposited in ALD process in each cycle. Note
that the lower diameter is equivalent to higher specific surface area
when compared to the substrate with fibers of 650 nm diameter.
To compare, ı◦ with the hollow samples produced by washing the
core did not show significant change [53] in contrast to the present
samples. When the CS80 nm sample is subjected to calcination, the
polymer core is removed and the lattice spends the gained thermal
energy in relaxing and increasing its crystallinity. We mean to refer
‘relaxing’ in terms of the lowest possible entropic configuration, not
angular shift of peaks. XRD patterns from core–shell as well as hol-
low samples match with the literature and confirm the wurtzite
structure [10,18,36,54,55]. Overall, the peaks became sharper as a
result of the calcination process, which increased the crystallinity
in contrast to the hollow ZnO fibers produced by washing the core
[53]. Also the results from XRD corroborate with that of local crystal
investigation from TEM.
Fig. 5. O1s core-level XPS spectra from core–shell and hollow samples. The fraction
of OCh and its spectral location (in eV) is annotated on the corresponding part.
The surface chemistry is studied by analyzing O1s core-level
spectra (Fig. 5). O1s spectrum requires a deeper attention as it
is shown [10,11,18] to play a crucial role in the PCA. The spectra
shown in Fig. 5 broadly contain two components and one of which
is from the oxygen in the ZnO lattice (major peak). Across the four
samples, minor-peak at the higher binding energy occurs from the
OCh. However, the origin of OCh is slightly varying from each other
across the samples, see binding energies of OCh in Fig. 5. It is worth
nothing that the OCh can be from the any of the following species:
OH, CO, adsorbed H2O and/or O2 (Ref. [10,11,18,56]) or O− and
O−2 ions [10,11,18]. Area ratios of minor to major peaks suggest
the fraction of OCh. The ratio values are depicted on the image for
the corresponding peaks. Among the samples, CS80 nm has shown
the lowest OCh fraction. Interestingly, after the calcination OCh frac-
tion is subdued for both cases. The percentage decrease is ∼43 and
∼40 for 80 nm and 650 nm samples, respectively. It is interesting to
note that in the case of hollow samples produced by dissolving the
‘core’ hosted relatively higher OCh fraction [53]. The phenomenon
of chemisorption of oxygen is complex as it can occupy a variety
of places on the surface. In the context of ZnO, for example, oxy-
gen vacancies (VOs) are prime spots for their adsorption, however,
other places such as grain boundaries need to be also taken into
account. Essentially after calcination VOs and grain boundaries are
substantially affected due to the changes in the crystallinity (see
ı◦, Table 1). Note that the analysis of XRD suggested a variation
in the FWHM of some reflections. The lattice rearrangement and
increased crystallinity are the main reasons for the decreased OCh
component after calcination.
In conjunction with VOs, optical properties are crucial for PCA
of ZnO and/or TiO2 based catalysts [10,11,18]. PL properties of
core–shell and hollow samples are shown in Fig. 6. A clear varia-
tion is seen when the core–shell nanofibers are transformed into its
hollow counterparts. We have deconvoluted each spectrum and the
parameters are tabulated in Table 2 along with the attributed mech-
anism. However, importantly large intensity variations are noticed
across all peaks and we will address them in the latter part of this
section.
Table 1
Deconvoluted parameters from XRD analysis.
Sample FWHM (ı◦) Lattice parameters (Å)
(100) (002) (101) (a) (c)
CS80 nm 0.436 0.436 0.372 3.249 5.206
H80 nm 0.267 0.267 0.267 3.249 5.206
CS650 nm 0.291 0.29 0.327 3.249 5.207
H650 nm 0.249 0.249 0.285 3.245 5.199
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Table 2
Spectral locations of deconvoluted peaks (nm) and ascribed emission mechanism for each sample. The spectral location of the peak has a standard error of <1 nm. CB-
conduction band, FX-free exciton, Zni-zinc interstitials, ex-Zni-extended Zni states, VO* neutral oxygen vacancy after electron capture (ecptr) from CB process and VO++-doubly
positive oxygen vacancy after hole capture (hcptr) from valance band (VB).
Sample Interband VZn, Znior ex-Zni VO
CS80 nm 385 4001 4573 520 575
H80 nm 383 3922 4854 523 579
CS650 nm 388 4111 4483 527 579




405nm→ VZn 3ex − Zni
440−455nm→ VZn V ∗0
524nm→ VB CB577nm→ V++02Zni
395nm→ VB 4ex − Zni
492nm→ VZn
Fig. 6. Photoluminescence spectra of core–shell and hollow samples of ZnO.
Fig. 7. Schematic band diagram of ZnO with a band gap of 3.3 eV depicting the
defects for core–shell and hollow cases. CB-conduction band, FX-free exciton, Zni-
zinc interstitials, ex-Zni-extended Zni states, VO* neutral oxygen vacancy after
electron capture (ecptr) from CB and VO++-doubly positive oxygen vacancy after hole
capture (hcptr) from valance band (VB). For the energetic locations of the various
bands, please refer to the cross references in Ref. [36]. The optical transitions were
shown (left to right) in an increasing emission wavelength (). Refer to Table 2 for
the emission wavelengths.
Upon calcination at temperature of about 500 ◦C, significant
changes took place in the lattice apart from the removal of the
core-polymer. Reorganization of intrinsic defects (radiative) is an
important consequence of this high temperature treatment, which
has of course reflected in the PL spectra. ‘Reorganization’ of defects
may consist of variation in density as well as their physical loca-
tion (localized defects) within the lattice. Since visible emission
[36,52,54,55,57–59] and catalysis take place on the surface [12,13],
we limit the discussion accordingly. Majorly the present PL spectra
consist of VOs and Znis, where striking a balance between them
is notably a hard task [50]. However, we have earlier seen the
formation of Znis in the ALD process on poly(sulfone) nanofibers
Fig. 8. Area under the curve from each luminescent transition with standard error
from the deconvolution. CB → VZn is not observed for H650 nm sample.
because of the differences in the hydrophobicity of the surface
functional groups [11]. The intrinsic defects from non-equilibrium
process related to oxygen are more stable when compared to those
originate from zinc [57–59]. Specifically, Znis have a smaller migra-
tion barrier of about 0.57 eV, while it is from 1.7 to 2.4 eV for VOs
[59]. On the other hand, the formation temperature determines the
relative concentrations of various defects [50]. In the present case,
the deposition temperature is ∼200 ◦C while that of calcination
is ∼500 ◦C which yield energy equivalents of ∼40 and ∼66 meV,
respectively. Essentially the defects formed at ∼200 ◦C are sub-
jected to reorganization at ∼500 ◦C. In the following,we treat the
specifics of each of the defects and the consequences of calcination.
Interesting observations are made for the emissions those were
attributed to VZn or Zni. Although it appears to be the case that
the band at 450 nm has significantly red-shifted to 483 nm after
calcination, however, this shift cannot be explained based on the
energetic-shifts of the defect related bands. The energetic locations
of the intrinsic defects are characteristics of a material. In fact, after
calcination the transition 1 is substituted by 2 and similarly 3 by 4
(Table 2). It is noted that emission 2 is not observed from H650 nm
sample, however, by consulting the emissions 3 and 4, the substi-
tution is convincing.
Refer to the band diagram shown in Fig. 7 for core–shell and
hollow cases which schematizes the various transitions shown in
Table 2. Note that the substitution (1 by 3 and 2 by 4) compli-
ments each other. By looking at the emission wavelengths and their
attributions (except for 4) we can see that Znis are formed after cal-
cination, while ex-Znis exist in both core–shell and hollow cases.
Regarding the emission 4, VZns and ex-Znis exist before the calci-
nation as well, however, no emission is observed between these
two states. This may be because of the fact that they are spatially
apart. Calcination has provided a sufficient mobility for the defects
to reorganize so that the newly proposed ‘transition 4’ can take
place; i.e., ex-Zni → VZn. This reorganization has in fact created Znis
which have shown emission (after calcination, Zni → VB) in the blue
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Fig. 9. Photocatalytic activities of (a) core–shell and (b) hollow samples. Data in part (a) is taken from Ref. [29].
region of the spectrum (VB-valance band). Further confirming the
attribution for emission 4, the energetic locations match well with
the observed emission. ex-Znis are 2.82–2.735 eV and VZn is 0.3 eV
above the VB, hence the transition from ex-Zni → VZn should have
emission of about 490 nm, where we noted 482–485 nm (Table 2).
Moving onto the other emissions, from Table 2, there is a slight blue
shift of the interband transition (FX → VB) after the calcination may
be because of the increased optical quality of the material (FX-free
exciton). The emission related to VOs is almost spectrally invariant
by given the typical FWHM of these bands [52].
The relative densities of various defects can be estimated by
taking the area under the corresponding peak (Fig. 8) [52]. Before
and after the calcination, the areas under each of the transitions
are plotted in Fig. 8. To comment on the overall change in the
density of the defects, it is seen to decrease after calcination. It is
understandable, as the reorganization of defects to their possible
lowest entropic state. In the following, we compared each defect
density when a transformation took place from core–shell to hol-
low. To start with, CS80 nm sample has lower density of defects than
CS650 nm sample. FX → VB emission is slightly decreased for both
the samples after calcination. In general, this interband transition
subdues under the dominance of defect related emissions which is
consistent as the green emission is enhanced. Note that the green
emission consists of two components [36,52,55], viz. VO* → VB and
CB → VO++ which occur in bulk and depletion regions respectively
(CB-conduction band). We can see that the intensity of VO* → VB
decreased in contrast to CB → VO++ for 80 nm sample after calcina-
tion where the latter is increased. On the other hand, both of these
emissions were enhanced for 650 nm sample. The grain boundaries
and the depletion region are severely altered after the calcination;
and hence, an integral effect on the green emission can be expected.
Since the emissions 2, 4 and 1, 3 are not seen for core–shell and hol-
low samples, respectively, we cannot compare the changes in the
intensities with respect to calcination.
The basic mechanism of photocatalysis on the surface is the
same for any semiconductor catalyst; however, the density of
defects and their accessibility to the dye determine the time con-
stant of the process. Please refer to our previous articles in which
PCA is elaborately discussed in the context of various defects of ZnO
[10,11,18]. Note that the actual mechanism is initially discussed
by Matthews [13] and Hoffmann et al. [12]. In order to quanti-
tatively compare the PCA of core–shell and hollow samples, the
decay constants (from the exponential fit) are normalized to the
corresponding weight of the catalyst and shown on Fig. 9. This
normalized rate constant is a very good measure of the catalytic
activity where the lower value suggests better catalytic activity.
Thermogravimetric analysis is employed to extract the weight [29]
of the ZnO from the core–shell catalyst. The decay constants from
core–shell and hollow samples in an increasing order are as follows:
H650 < CS80 < CS650 < H80. Although H80 nm sample has the highest
theoretical specific surface area, the surface defects play a crucial
role in determining the PCA. It is known that relatively higher den-
sity of defects exhibit high PCA [10,11,18]. In order to estimate the
density of defects, we employ the results from the PL data and peak
deconvolution therein. The overall density of defects (sum of the
area under the peaks related to defects, Fig. 8) for four samples is in
the following decreasing order: H650 > CS650 > CS80 > H80. Although
it appears that there is a slight disagreement in the order of the
time constant and the overall density of defects, still the results
are consistent as the standard error in the peak fitting is relatively
higher for CS650 nm sample. While calculating the overall defect
density, the green component, VO* → VB transition is also included.
Despite, this transition occurs in the bulk of the grain [10,11,18,52],
it helps the PCA process indirectly by delaying the recombination
[12,13]. This is the case with any of the defects; if they are on the sur-
face then electron and hole take part in PCA before they recombine
[10–13,18].
4. Conclusions
We have systematically compared the PCA of two different
diameters of nanofiber catalysts in core–shell and hollow forms
produced via combining electrospinning and ALD. These catalysts
were thoroughly characterized for their morphological, structural,
surface and optical properties. Sharpening of the XRD peaks is
observed after calcination suggesting an improved crystal quality.
The fraction of OCh is decreased ∼43% and ∼40% for H80 nm and
H650 nm after calcination, respectively. Interestingly, from the PL
data a new emission (ex-Zni → VZn) is proposed which is supported
by the simulated emission wavelength against the energetic loca-
tions of the intrinsic defects within the band gap. This new emission
is explained based on the reorganization of the intrinsic defects dur-
ing the thermal treatment. Since these defects are localized within
the lattice, the thermal energy has in fact allowed the spatial redis-
tribution. The total density of defects was analyzed in conjunction
with the PCA for each of the samples. The results suggested that in
the case of ZnO samples enhancing the specific surface area does
not necessarily increase the PCA.
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